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A long-term ichthyoplankton
monitoring program suggests
climate-induced environmental
variabilities changed fish
communities in the Hudson
River estuary

Hsiao-Yun Chang®, Kim McKown?®® and Yong Chen*

tSchool of Marine and Atmospheric Sciences, Stony Brook University, Stony Brook, NY, United
States, 2Marine Fisheries, New York State Department of Environmental Conservation, New York,
NY, United States, *Retired, Kings Park, NY, United States

Climate change is known to have significant impacts on coastal marine
ecosystems. However, a good understanding of the exact impacts requires
consistent long-term monitoring programs, which are not available for many
coastal marine ecosystems. The Hudson River Estuary (HRE) provides critical
habitats for many estuarine, freshwater, and diadromous species. The
Longitudinal River Ichthyoplankton Survey and Water Quality Survey in the
Hudson River Biological Monitoring Program provided a long-term time series
(1974-2017) for examining the changes in salinity and other environmental
variables and identifying the temporal variability of fish diversity. In this study,
we examined the environmental data and found a 2-phase pattern in the
salinity time series data with a change point of 1984. We calculated a Margalef
index and a Simpson index to examine species richness and evenness for early
and older life stages in the upper and lower HRE, and explored the potential
effects of rising sea level and salinity on fish biodiversity. This study reveals that
sea level and salinity may play an important part in explaining increased species
richness and evenness. The increased occurrence, establishment and range
expansion of marine species as well as possible displacement of freshwater
species may be associated with sea level-induced salinity change observed in
the HRE. This study highlights a need for a long-term consistent monitoring
program and a better understanding of climate change effects on the biota in
coastal estuary ecosystems such as the HRE in order to enhance management,
conservation, and restoration plans.
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Introduction

The Hudson River Estuary (HRE) is a historically important
resource that provides ecological, social and economic services
for local communities. The estuary contains a wide range of
salinity gradient and diverse environment that provides critical
habitats for over 200 fish species at various life stages, including
many commercially and recreationally important species such as
striped bass (Morone saxatilis), American eel (Anguilla rostrata),
and American shad (Alosa sapidissima) (Levinton and
Waldman, 2006). Many economically and/or ecologically
important fish species utilize the HRE for part or all of their
life cycle.

Biodiversity has been widely used as an indicator to monitor
and evaluate ecological health of aquatic or terrestrial systems
(Dasgupta et al., 2017; Tu et al., 2020; Aziz et al., 2021; Tikadar
et al,, 2021). In general, higher biodiversity is indicative of a
healthy ecosystem (Pawluk et al., 2021), suggesting a suitable
environment with diverse functional guilds. Many factors could
affect biodiversity in coastal waters, including environmental
conditions (habitat suitability), introduced or invasive species,
pollution, urbanization, and other anthropogenic activities (Aziz
et al., 2021). Among these factors, climate-induced
environmental changes have been identified as important in
affecting fish distribution and community structure (Dasgupta
et al,, 2017; Shaha et al,, 2022). Pawluk et al. (2021) investigated
climate effects on fish diversity in eight subtropical bays of Texas,
USA, identifying that temperature, salinity, and sea level as
having significant effects on fish diversity with sea level being
the most important factor for driving increasing fish diversity.
Nevertheless, Gain et al. (2008) reported declines of 59% and
21% in the number of freshwater species due to increased salinity
in two southwest coastal regions of Bangladesh.

As a result of climate change, the mean annual water
temperature in the HRE and the sea level at the mouth of the
estuary have been rising since the 1930s or earlier (Strayer et al.,
2014). The changes in water temperature could have a direct
impact on fish physiology as well as fish community (Nack et al.,
2019). With sea level rise and change in thermal habitat induced
by climate change, seawater intrusion introduces ecological and
social problems when it moves the salt front landward which
might result in salinization of freshwater system (Venancio et al.,
2019) and impacts on the fish habitat quality by altering the
salinity gradient. Therefore, understanding the salinity
variability and its impacts on the ecosystem becomes critically
important for improved management, conservation, and
restoration plans for the HRE ecosystem (Levinton and
Waldman, 2006).

The objectives of this study are to (1) examine the long-term
time series of salinity for the HRE; (2) identify patterns in the
long-term time series of marine and freshwater species richness
in the changing HRE environment; (3) evaluate the effects of sea
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level, salinity, temperature, and dissolved oxygen on species
diversity of the fish assemblage in the HRE; and (4) identify
dominant marine and freshwater species that could be directly
or indirectly influenced by the changing environmental
conditions in the HRE.

We used survey data collected from the Long River Survey
(LRS) and Water Quality Survey of the Hudson River Biological
Monitoring Program (HRBMP) from 1974 to 2017 to examine
the species richness, evenness, and dominance for early (eggs
and larva) and older (young-of-year and older) life stages in the
upper and lower HRE. Based on a preliminary analysis (see
Materials and Methods and Results), we hypothesized that the
changed salinity gradient might have potential impacts on the
fish communities in the upper and lower HRE. Specifically, we
hypothesized that marine species richness in the lower HRE
would increase with changed salinity gradient, while the marine
species richness in the upper HRE is hypothesized to remain the
same as the upper HRE provides a relatively stable freshwater
environment. For freshwater species, we hypothesized that the
species richness in the lower HRE would decrease with changed
salinity gradients due to spatial avoidance (i.e. ability of
organisms to detect and move away from a stressed
environment, Venancio et al., 2020; Venancio et al., 2021);
while the freshwater species richness in the upper HRE was
hypothesized to increase due to displacement of the freshwater
species in the lower HRE. To further examine other aspects of
species’ diversity, we used species evenness which incorporates
richness as well as species’ abundance for both life stages in
upper and lower HRE. We hypothesized that the species
evenness had changed over time due to the establishment or
displacement of some marine or freshwater species of both life
stages in the upper and lower reaches of the HRE. Finally, we
examined species dominance defined as the number of different
species that account for the top 90% of the abundance in each
year. We then examined the abundance of marine and
freshwater species which were frequently considered
dominant species.

We limited the consideration to marine and freshwater
species, because of the complex life-histories and robust
salinity tolerances of estuarine and diadromous species. We
aim to provide a preliminary guide for exploring the impacts
of sea level rise and other climate-induced environmental
changes on the HRE.

Materials and methods
Study area
The study area covered 226 km of the Hudson River from

Albany, New York (rkm 245) to Yonkers, New York (rkm 19)
and contains a wide gradient of salinities from head to mouth.
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The study area was originally divided into 13 river regions
including the Battery area in the LRS of the HRBMP which
started in 1974 (Figure 1). However, the Battery was not sampled
until 1988. To maximize the availability of the longest time series
in the database, the Battery strata was excluded from the
analysis. The salt front location (freshwater-saltwater interface)
is highly influenced by river discharge, which could affect
wildlife habitats and water supplies (de Vries and Weiss,
2001). Therefore, a preliminary analysis was conducted to
divide the HRE into brackish water and freshwater using daily
salt front data collected by the United States Geological Survey
from 1992 to 2015. Only May, June, and July data were used to
match the season in this study (see data availability). Daily salt
front data were averaged over months and season (May-July),
ranging among years from rkm 64 (the lower bound of the
Indian Point) to rkm 104 (close to the lower bound of the
Poughkeepsie), with a mean of rkm 82 (Figure S1). It should be
noted that the locations of salt front varied considerably within
and among years during May to July with a standard deviation of
11 rkm among years (Figure S1), indicating highly variable saline
environment in the HRE. Therefore, the lower HRE in this study
was defined as the transition area of saline water from Yonkers
(rkm 19) to Poughkeepsie (rkm 122) which is considered a saline
environment with high variation in salinity. The upper HRE was

Region

Albany

-

Catskill

Saugerties

Kingston

Hyde Park

Poughkeepsie

Cornwall
West Point

Indian Point

Croton-Haverstraw

Tappan Zee

Yonkers

Battery

Atlantic Ocean

FIGURE 1

Map of the Hudson River Estuary surveyed by the Long River
Survey of the Hudson River Biological Monitoring Program with
13 river regions (Battey data was not used in this study)
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defined from Hyde Park (rkm 123) to Albany (rkm 245) which is
considered an environment with relatively lower salinity and a
more constant freshwater environment. Due to limited data
availability, the salt front data were only used to determine the
upper and lower HRE prior to the analyses. The long-term LRS
provided an excellent and unique opportunity to examine how
the composition of marine and freshwater species responds to
climate-induced environmental changes.

Long river survey

The LRS was conducted throughout the study area in
1974-2017 on a weekly basis during May-July (biweekly after
this time period) using a stratum-based stratified random
sampling design. However, no sampling was conducted in
July during 1980-1987. Three strata were sampled, including
shoal (water depth of 6 m or less), channel (water depth more
than 3 m from the river bottom in more than 6 m depth), and
bottom (water depth within 3 m of the river bottom in more
than 6 m depth).

A 1 m? tucker trawl was used for sampling shoal and channel
strata, and a 1 m* epibenthic sled was used for sampling the
bottom. Both gears were fitted with 0.5 mesh plankton nets and
were evenly used over sampling times and areas except for 2012
when only a tucker trawl was used. Epibenthic sled was not used
in 2012 summer due to the old expiration of the Incidental Take
Permit, and epibenthic sled was the gear that more likely caught
the endangered sturgeon species than the tuck trawl. As a result,
only tucker trawl was used for the LRS sampling in 2012 summer
(ASA Analysis & Communication (ASAAC), 2013). Abundance
data of ichthyoplankton and fishes at older life-stages were
collected from the LRS, including eggs, yolk-sac-larva (YSL),
post-yolk-sac-larva (PYSL), young-of-year (YOY), and older.

Sampling was conducted in both daytime and nighttime
(daytime was defined as from 30 minutes after sunrise to 30
minutes before sunset, and the rest was defined as nighttime.)
over the whole study area, but sampling intensity was heavily
skewed toward nighttime since 2000 (Figure S2). Furthermore,
no sampling was taken in daylight from 1987-1999. Therefore,
only nighttime sampling data were used in this study to reduce
the possible bias induced by differences between daytime and
nighttime sampling as well as to maximize the availability of the
longest time series.

Sea level rise data

Monthly mean sea level data collected by National Oceanic
and Atmospheric Administration at the Battery station (https://
tinyurl.com/y857uf97) were used. Mean sea level data from
May-July were then averaged over for each year.
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Water quality survey

Prior to 1982, water quality parameters including water
temperature, dissolved oxygen, and conductivity were taken
at depth associated with the LRS biological sampling (depth
ranging from surface to bottom with a mean depth at 8.8 m).
Since 1982, the water quality measurements were collected
from fixed stations from 0.3 m below the surface, mid-depth,
and 0.3 m above the bottom. As the sampling design of water
quality survey changed in 1982, we used water quality data
collected from fixed stations that had been consistently
sampled over 1974-2017 with more than 20 observations.
Salinity was converted from conductivity data collected in
the survey (ASA Analysis & Communication (ASAAC),
2016). Salinity data were averaged over sampling stations
and weeks during May-July within rkm in a given year.
Mesohaline was defined as water with salinity of 5-18 ppt
from ocean-derived salt, and oligohaline was defined as water
with salinity of 0.5-5 ppt (Daniels et al., 2005; Shaha et al.,
2022). The time series of river kilometers at the upper limits
of mesohaline and oligohaline waters were used to quantify
changes in the salinity gradient in the lower and upper
HRE, respectively.

The time series of mesohaline and oligohaline upper limits
were initially graphically inspected and a 2-phase pattern
appeared to be present over the time series (Figure 2). A
preliminary analysis of segmented regression (Muggeo, 2003;
Muggeo, 2017) was therefore conducted to identify the possible
change point(s). Zero to three change points were considered for
the time series and the number of change points were optimized
using BIC scores, the model with lowest BIC was selected. One
change point of the year 1984 was identified for both time series
of mesohaline (R? = 0.297) and oligohaline (R* = 0.192) upper
limits. The averages of the upper limit of the mesohaline and
oligohaline from 1974-1984 (phase 1) were down river at rkm
34.85 and rkm 74.77, respectively. From 1985 to 2017 (phase 2),
the averages of the upper limits of both isohalines increased to
rkm 48.05 and rkm 85.78, respectively. The observed shifting of
isohalines may suggest changes in the salinity gradient and
consequent habitat change. A student’s t-test was then used to
test the hypothesis that the average location of the upper limits
of the isohalines (rkm) in phase 2 were greater (further upriver)
than the average location of the upper limits of the isohalines in
phase 1. For both isohalines, the averages of the upper limits of
the isohaline locations in phase 2 were significantly greater than
the average upper limit of isohaline locations in phase 1 (1-sided
tests. df=42, p<0.05).

Water temperature, dissolved oxygen, and salinity data were
averaged over sampling locations and weeks during May-July
within upper (rkm 123-245) and lower (rkm 19-122) HRE for
each year. The averaged water quality data were used as the
explanatory variables in linear models (see below).
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FIGURE 2

Time series of the locations of the upper limits of (A) oligohaline
and (B) mesohaline of the Hudson River Estuary, during May-July
in each year. The red lines indicate the fitted segmented
regression, and the red text indicate the average of river
kilometer (rkm) in phase 1 (1974-1984) and phase 2 (1985-2017).

Fish data

Collected fish samples from the LRS were analyzed in the
laboratory and identified to species or lowest possible taxon and
the numbers of individuals were counted. Life-stages of eggs,
YSL, and PYSL were grouped into “Eggs and larva” (E&L) which
were considered to have limited swimming ability to select
preferred habitats or avoid unfavored environments. YOY and
older life-stages were grouped into “YOY and older” (Y&O)
which are considered to have sufficient swimming ability to
select preferred habitats or avoid unfavored environments.
Furthermore, the locations with the presence of E&L could be
considered as spawning habitat, and the locations with the
presence of Y&O could be considered as nursery habitat. It
should be noted that increased swimming ability may increase
the potential for gear avoidance. Therefore, population level
effects for Y&O are limited to data collected by the sampling gear
for this study.
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Each species was classified based on their migration patterns
(data source from FishBase and personal communication with
the NYSDEC). Anadromous, catadromous, amphidromous, and
estuarine species were classified into the “diadromous” group;
freshwater and potamodromous were classified into the
“freshwater” group, and brackish, marine, and oceanodromous
species were classified into the “marine” group. Only freshwater
and marine groups were considered in this study, and the
diadromous group was not analyzed or discussed in depth due
to their complex life-histories and higher tolerance of a wide
range of salinities. Time series (1974-2017) of marine and
freshwater species for the two groups of E&L and Y&O were
used in the analyses.

Biological indicators and
hypotheses testing

A Margalef index (d) was used to examine the changes in
species richness for the two groups of E&L and Y&O in the
upper and lower HRE. A Margalef index assesses the number of
identified species taking into account the effects of sample size

10.3389/fmars.2022.1077997

(Margalef, 1968; Garcla-Seoane et al., 2016; Kunda et al., 2022):

(S-1)

= log(V)

where S = number of identified species, and N = total
number of individuals.

The time series of Margalef indices for all species (d,)
showed a 2-phase pattern as observed in the isohalines (see
Results). The Margalef species richness index was therefore
further examined for the E&L and Y&O of marine (d,,4rine)
and freshwater (dfesnwarer) species, and a series of hypotheses
were then developed for examining the changes in marine and
freshwater species richness between the two phases (Table 1). T-
tests were used for the hypothesis testing at the significance level
at 0.05.

A Simpson index (D,;) was used to evaluate species diversity
taking into account the abundance of each species. It measures
species evenness, giving more weight to abundant species
(Simpson, 1949; Garcia-Seoane et al., 2016; Kunda et al., 2022):

n(n-1)

Dar=1-3 N(N-1)

TABLE 1 A series of hypotheses developed for testing the differences between phase 1 (pl, 1974-1984) and phase 2 (p2, 1985-2017) for
isohalines, Margalfe index for all, marine, and freshwater species, and Simpson index for all species during May-July in the upper and lower
Hudson River Estuary (HRE).

Variable Location Hypothesis
HO

Mesohaline (upper limit) pl=p2 pl<p2
Oligohaline (upper limit) pl=p2 pl<p2
Margalef index for all species (dqy) Upper HRE E&L pl=p2 pl=p2
Y&O pl=p2 pl#p2
Lower HRE E&L pl=p2 plzp2
Y&O pl=p2 pl#p2
Margalef index for marine species (darine) Upper HRE E&L pl=p2 pl#p2
Y&O pl=p2 plzp2
Lower HRE E&L pl=p2 pl<p2
Y&O pl=p2 pl<p2
Margalef index for freshwater species (dgeshwater) Upper HRE E&L pl=p2 pl<p2
Y&O pl=p2 pl<p2
Lower HRE E&L pl<p2 pl>p2
Y&O pl<p2 pl>p2
Simpson index for all species (D) Upper HRE E&L pl=p2 pl#p2
Y&O pl=p2 pl#p2
Lower HRE E&L pl=p2 pl#p2
Y&O pl=p2 pl#p2
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where n = the number of individuals of a species, and N =
the total number of individuals of all species. The Simpson index
was used for examining if there is increasing or decreasing
establishments of fish species over the two phases. Therefore,
it was hypothesized the averaged values of the Simpson index
was equal over the two phases. T-tests were used for the
hypothesis testing at the significance level at 0.05.

Linear models were used to examine the effects of sea level
and environmental factors (water temperature, dissolved
oxygen, and salinity) on Margalef species richness (for all
species, marine species, and freshwater species) and Simpson
species evenness (overall diversity for all species). The Simpson
index was not used for marine and freshwater species, because
this indicator was used to examine the species evenness in the
overall HRE. lL.e., if there were more establishments of fish
populations, both Margalef and Simpson indices would
increase. If the increased species richness (Margalef index) was
due to strayers or temporary visitors, the Simpson index would
not increase significantly as it is not sensitive to additional rare
species and gives more wight to abundant species. Before model
development, a variance inflation factor (VIF) analysis was
conducted to identify multicollinearity (Chang et al., 2020).
The four variables considered in the analysis had VIFs< 3.
Therefore, all variables were used in the model. The relative
importance of each variable was determined by the differences of
R? between the full and reduced models (excluding one variable),
which quantifies the variance explained by the excluded variable.
Residual diagnosis was graphically examined through Q-Q plots
for evaluating the distribution of residual errors (Zuur et al,
2009). Shapiro-Wilk normality tests were conducted for testing
the deviation of residual errors for each model. All statistical
analyses were performed with R version 4.0.3 (R Core
Team, 2020).

The numbers and proportions of marine and freshwater
species that were only observed in phase 2 or disappeared in
phase 2 for the two groups (E&L and Y&O) in the lower and
upper HRE were identified and examined. In this study, species
that only occurred in phase 2 were considered new species, and
species that only occurred in phase 1 are considered disappeared
species. However, it should be noted that species that were new
to the LRS and disappeared from the LRS are not necessarily new
to or disappeared from the HRE.

The number of the species that account for at least 90% of the
abundance (i.e. species diversity or species dominance) for E&L
and Y&O in the upper and lower HRE were examined (all species
identified including freshwater, marine, and diadromous species
data were used for determining species dominance). Of these
dominant species, the number of marine and freshwater species
as well as the abundance of species that became dominant species
in phase 2 and were observed for more than five years were
further investigated. The abundance index used was estimated as
number of individuals per volume of water sampled (m?).
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Results
Sea level and environmental variables

An increasing trend was found in the time series of annual
mean sea level during May to July (Figure 3A). The rising rate of
sea level appeared to be faster since the 2000s. Similar to the
isohalines, a 2-phase pattern was found in the time series of
salinity in both upper and lower HRE, where salinity increased
to a higher level after the mid-1980s (Figure 3B). The time series
of water temperature in the upper and lower HRE showed
similar trends until the mid-1980s, the water temperatures of
the lower HRE became slightly higher than temperatures in the
upper HRE in most years since then (Figure 3C). The time series
of dissolved oxygen in the lower and upper reaches of the HRE
showed different patterns (Figure 3D). For the upper HRE, the
dissolved oxygen decreased to a low level of around 7 mg/L in
1981-1982, then it increased to a high level of around 8.5 mg/L
with a slightly decreasing trend from 1982 to 2017. As for the
lower HRE, the dissolved oxygen fluctuated at around 7.5-8.5
mg/L between the 1970s and late 1990s, then started to decrease
since the 2000s.

Species richness (Margalef index)

A 2-phase pattern identified in the time series of isohalines
was also found in the time series of d,; (Margalef index)
(Figure 4A). The d,; was higher in phase 2 (1985-2017) for
E&L and Y&O in both lower and upper HRE. There was a
significant difference between the averages of d,; in the two
phases were significantly different for all groups (2-sided t-tests,
df = 42, p<0.05).

The linear models suggested that the d,; was positively
associated with sea level for E&L and Y&O in both lower and
upper HRE (Table 2). Sea level was identified as an important
variable in explaining the variation in d,;. It explained 10.3% and
20.6% of the variation in d,; for E&L and Y&O in the upper
HRE, respectively; and it explained 10% and 11% of the variation
for the E&L and Y&O in the lower HRE, respectively
(Figure 5A). The salinity was positively associated with the
E&L in the upper HRE (explained 10.5% of the variation) and
on the Y&O in the lower HRE (explained 9% of the variation)
(Figure 5A). The effects of water temperature and dissolved
oxygen were not significant on d,; for all groups, and only a
relatively small amount of variation was explained by these two
variables compared to sea level and salinity. The models were
able to explain 31.4-44.5% of the variation (Table 2). The
distributions of residuals for all d,; models did not deviate
from normal distribution (Shapiro-Wilk normality tests,
p>0.05) except for the E&L in the upper HRE (Shapiro-Wilk
normality test, p<0.05) due to a single outlier (Figure S3).

frontiersin.org


https://doi.org/10.3389/fmars.2022.1077997
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chang et al.

A Mean Sea Level
=8
TEs
L e
g2
w o S
< o
[
L0
=g
e I I T T
1980 1990 2000 2010
Year
c Temperature
AN _
~ N
e
o
2 &
o
5
£
o 2
Q2

T T T T
1980 1990 2000 2010
Year

FIGURE 3

10.3389/fmars.2022.1077997

B _ Salinity
‘é—’— Upper Hudson —— Lower Hudson —
o

gﬂ' Lo &
2 2
= o £
3 3

o
— © 5]
0 O F~ 2
8o T T T T 5
=) 1980 1990 2000 2010

Year
D Dissolved oxygen

O_

o
g —
j=2)

o
E 5
o
g 4

o

N

T T T T
1980 1990 2000 2010
Year

The time series of (A) the averaged sea level in meters above station datum at the Battery station in New York City (https://tinyurl.com/
y857uf97), (B) the averaged salinity, (C) water temperature, and (D) dissolved oxygen in the upper and lower Hudson River Estuary during May-

July in each year.

The time series of dgine also showed a 2-phase pattern,
especially for the lower HRE groups (Figure 6A). The d,4rine 0f
both groups in the upper HRE was hypothesized to remain
constant due to relatively stable saline environment. However, as
in the lower HRE, a 2-phase pattern was also noted in the d,,,i,e
of both groups in the upper HRE (Figure 6A). The differences
between the two phases were significant (2-sided t-test, df = 42,
p<0.05) for both E&L and Y&O in the upper HRE. For d,,,4,i in
the lower HRE, the average d,,,,,i,. in phase 2 was significantly
greater than the average d,;4yin. in phase 1 (1-sided t-test, df. =
42, p<0.05) for both E&L and Y&O.

Sea level was positively associated with the d,,4ine in the
lower HRE, which explained 14.8% and 14.9% of the variation
for E&L and Y&O, respectively (Figure 5B). Salinity was also
identified as an important factor in explaining the variation of
A arine (Table 2), it explained 8.23% and 10.9% of the variation
for E&L and Y&O, respectively (Figure 5B). The models
explained 56.7% and 53.5% of the variation for E&L and Y&O
groups in the lower HRE, respectively. In the upper HRE, the
dnarineof E&L was positively associated with salinity which
explained 23.9% of the variation (Figure 5B). The dupine Of
Y&O was positively associated with sea level which explained
11.9% of the variation (Figure 5B). The models explained 35.3%
and 23.5% of the variation for E&L and Y&O groups in the
upper HRE, respectively. The water temperature and dissolved
oxygen effects were not significant on the d,,,,i,. for both E&L
and Y&O in the lower and upper HRE. The distributions of
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residuals for d,,,,,in. models of E&L and Y&O in the lower HRE
did not deviate from normal distribution (Shapiro-Wilk
normality tests, p>0.05). While the d,,4,ine models of both life
stages in the upper HRE deviated from normal distribution
(Shapiro-Wilk normality test, p<0.05) possibly due to an outlier
in each model (Figure S4).

The dfesiwater in the upper HRE was significantly greater in
phase 2 as hypothesized (1-sided t-test, df = 42, p<0.05), which
indicating the freshwater species richness was higher in phase 2 for
both E&L and Y&O in the upper HRE (Figure 6B). However, the
average dpeshwater in the lower HRE was not significantly lower in
phase 2 as hypothesized (1-sided t-test, df=42, p>0.05, Figure 6B).
The mean of dpegyarer Was larger in phase 2 than the mean of
Afreshwater in phase 1 for both E&L and Y&O in the lower HRE.

Sea level was identified as an important factor which was
positively associated with dfegnyarer and explained 27.4% and
24.6% of the variation for E&L and Y&O groups in the upper
HRE, respectively (Figure 5B). The effects of all other factors
were not significant on dpesnarer (Table 2). The models
explained 40.6% and 32.6% of the variation for E&L and Y&O
groups in the upper HRE, respectively (Table 2). The dpesiwater
for both E&L and Y&O in the lower HRE was not associated
with any variables considered in this study, and only 7.7% and
6% of the variation were explained by the models for E&L and
Y&O groups, respectively (Table 2). The distributions of
residuals for all dfesnarer models did not deviate from normal
distribution (Shapiro-Wilk normality tests, p>0.05) (Figure S5).

frontiersin.org


https://tinyurl.com/y857uf97
https://tinyurl.com/y857uf97
https://doi.org/10.3389/fmars.2022.1077997
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chang et al.
A Margalef index (all)
- Bioindicator
Eggs and Larva in the upper HRE
o
o~
3o
T«
£
5
go
2=
=
w0 _|
o
T T T T
1980 1990 2000 2010
Eggs and Larva in the lower HRE
e
S
T
£
B0
©
=4
)
=o |
w0
[=] T T T T
1980 1990 2000 2010
B Simpson index (all)
~ Eggs and Larva in the upper HRE
o
©_|
o
é [T}
27T
s
o
o
£
'(/—J o
S D =0.49
g T T T T
1980 1990 2000 2010
~ Eggs and Larva in the lower HRE
o
©_|
o
x
S
£0
c
o <
207
£
(2] S
o~
o
T T T T
1980 1990 2000 2010
Year
FIGURE 4

10.3389/fmars.2022.1077997

== 1974-1984 mean==1985-2017 mean

YOY and Older in the upper HRE

2.5

2.0

Margalef index

1.5

]

d=1.93

T T T T
1980 1990 2000 2010

YOY and Older in the lower HRE

A {
- At N
x
o <] "4 e
T
£ d=2.08 u w YW
o =
S’:{j— d=3.13
(]
= o |
~N
w_|
- T T T T
1980 1990 2000 2010
YOY and Older in the upper HRE
o_|
S
3
3 < |
£0
c
o
2+
Eo
2]
S =05
T T T T
1980 1990 2000 2010
YOY and Older in the lower HRE
o _|
o
x
£
£
co|
go
Ew_|
w o
34 D=065 D =066
T T T T
1980 1990 2000 2010
Year

Time series of (A) Margalef index (d_;) and (B) Simpson index (D) for all species of early (eggs and larva) and older (young-of-year [YOY] and older)
life stages during May-July from 1974-2017 in the upper and lower Hudson River Estuary (HRE). The blue horizontal lines indicate the average
numbers of species in phase 1 (1974-1984), and the red horizontal lines indicate the average numbers of species in phase 2 (1985-2017)

Species evenness (Simpson index)

The mean of D, (Simpson index) was significantly higher in
phase 2 than the mean of Dy in phase 1 for all groups except
Y&O in the lower HRE (Figure 4B), indicating that the species
evenness increased in phase 2 for the three groups. The D, of
Y&O in the lower HRE was not associated with any variables
considered in this study (Table 2). Sea level was identified an
important factor that had significant effect on D, of both E&L
and Y&O in the upper HRE and E&L in the lower HRE
(Table 2). Sea level explained 7-13.1% of the variation of D,y
for these three groups (Figure 5A). The salinity effect was

Frontiers in Marine Science

08

positively associated with D, of E&L in the upper HRE, but
not in the lower HRE (Table 2). The changes in D, were not
associated with water temperature and dissolved oxygen for all
groups (Table 2). The models explained 37.4% and 26.1% of the
variation of D, for E&L and Y&O in the upper HRE,
respectively (Table 2). For the lower HRE groups, the model
explained 12.6% and 11.7% of the variation for E&L and Y&O in
the lower HRE, respectively (Table 2). The distributions of
residuals for D,y of all groups did not deviate from normal
distribution (Shapiro-Wilk normality tests, p>0.05) except for
the Y&O in the upper HRE (Shapiro-Wilk normality test,
P<0.05) due to a long tail on the left (Figure S6).
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TABLE 2 Model statistics from the linear models for factors associated with Margalef and Simpson indices for the early (eggs and larva; E&L) and
older (young-of-year [YOY] and older; Y&O) life stages in the lower and upper Hudson River Estuary (HRE) during May-July from 1974-2017.

Life
Stage

Location

Diversity index

Effect size (SE)

Dissolved Sea Level

Oxygen

Temperature Salinity

Margalef index for all species (d,) Upper E&L 0.06 (0.11) -0.02 (0.06) 7.92 (3.18)* 1.89 (0.77)* 0.34
HRE
Y&O -0.05 (0.10) -0.07 (0.05) 5.17 (2.86) 2.36 (0.69)** 0.31
Lower E&L 0.14 (0.19) 0.13 (0.10) 0.1 (0.06) 2.76 (1.09)* 0.39
HRE
Y&O 0.34 (0.22) 0.12 (0.12) 0.18 (0.07)* 3.58 (1.29)** 0.45
Margalef index for marine species (dmarine) Upper E&L -0.02 (0.04) -0.03 (0.02) 4.24 (1.12) 0.4 (0.27) 0.35
HRE ok
Y&O 0.01 (0.04) 0.002 (0.02) 1.45 (1.05) 0.62 (0.25)* 0.24
Lower E&L 0.12 (0.12) 0.10 (0.06) 0.10 (0.04)** 2.44 (0.67) 0.57
HRE %
Y&O 0.33 (0.18) 0.11 (0.10) 0.18 (0.06)** 3.70 (1.05)** 0.54
Margalef index for freshwater species Upper E&L 0.07 (0.06) 0.002 (0.03) 1.50 (1.6) 1.63 (0.39) 0.41
(dreshwater) HRE oo
Y&O -0.07 (0.06) -0.02 (0.03) 2.41 (1.76) 1.60 (0.42) 0.33
Lower E&L 0.02 (0.05) 0.02 (0.03) -0.01 (0.02) 0.44 (0.31) 0.08
HRE
Y&O -0.05 (0.07) 0.004 (0.04) 0.004 (0.02) 0.29 (0.41) 0.06
Simpson index for all species (D) Upper E&L -0.09 (0.05) -0.01 (0.03) 4.85 (1.43)** 0.72 (0.35)* 0.37
HRE
Y&O -0.03 (0.06) -0.06 (0.03) 3.57 (1.79) 1.13 (0.43)* 0.26
Lower E&L 0.02 (0.06) -0.01 (0.03) 2001 (0.02) 084 (0.36)* | 0.13
HRE
Y&O 0.05 (0.05) 0.004 (0.03) -0.03 (0.02) 0.25(0.30) | 0.12
*p<0.05; *p<0.01; **p<0.001.

New species

In the lower HRE, a total of 39 species found in the LRS for
the E&L group were observed only in phase 2 (“new species”
hereafter). Of which, 64.1% of the new species were marine
species, 23.1% were freshwater species (Figure 7). For the Y&O
group, 48 new species were observed in phase 2, 62.5% of them
were marine species, and 29.2% were freshwater species.

In the upper HRE, a total of 32 new species were observed in
the LRS for the E&L group. Of these new species, 37.5% were
marine species and 34.4% were freshwater species (Figure 7). For
the Y&O group, 24 new species were observed in phase 2, 45.8%
were marine species and 41.7% were freshwater species.

Disappeared species

In the lower HRE, two species were no longer observed in
the LRS in phase 2 (“disappeared species” hereafter) for the E&L
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group, and both are freshwater species. For the Y&O, three
species disappeared in phase 2, one was marine species, and one
was freshwater species (Figure 7).

In the upper HRE, three species for the E&L group were no
longer observed in the LRS in phase 2, two of them were
freshwater species (Figure 7). No disappeared species were
observed for the Y&O group in the upper HRE. A list of the
new and disappeared species for both life stages were provided in
the Table SI.

Dominant species

The species dominance (number of species that compose at
least 90% of the survey catch) for both E&L and Y&O in the lower
and upper HRE are shown in Figure 8A. The species dominance
remained relatively constant over the time series for each group
in the lower and upper HRE except the Y&O group in the upper
HRE which showed an upward increasing trend over time.

frontiersin.org


https://doi.org/10.3389/fmars.2022.1077997
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chang et al.

10.3389/fmars.2022.1077997

A B Dissolved Oxygen Salinity W Sea Level Temperature
Margalef index (All) Simpson index (All)
02 T | | — c
— 3
]
0.1 = I
§,,. NN E— 3
£ 0.0 -
g
9 0.3 = —
ol I g
0.2 = 3
]
0.1 4 — I
ed Bl :
0.0 = | T T T
Eggs and Larva  YOY and Older Eggs and Larva  YOY and Older
B [l Dissolved Oxygen Salinity W Sea Level Temperature
Margalef index (Marine) Margalef index (Freshwater)
0.3+ I =
e
0.2 = o
]
0.1 = I
5., | m— G
£ 0.0 -
o
Q.
9 0.3 - I —
& E—— 5
0.2 s
)
- ac
 —— ] m
0.0 =

T T
Eggs and Larva  YOY and Older

FIGURE 5

T T
Eggs and Larva  YOY and Older

The relative importance of each variable (as indicated by color) in the models of (A) Margalef index (d,;) and Simpson index (D) for all species,

and (B) Margalef index for marine (dmarine) and freshwater (dye
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E).

Of the dominant species, the numbers of marine and
freshwater species observed in each year are shown in
Figure 8A. In the lower HRE, no marine or freshwater species
of the E&L group was considered dominant species until 1990.
One marine species in the E&L group became a dominant species
in the lower HRE, which was observed in 4 years. For the Y&O
group, no marine or freshwater species was considered dominant
species until 1986. One to three marine species became dominant
species for the Y&O group in the lower HRE and they were
frequently observed in several years after 1986.

In the upper HRE, no marine species was considered dominant
species in the E&L group (Figure 8A). One freshwater species
became dominant species in 2013 and 2016 (Figure 8A). For the
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er) species for early (eggs and larva) and older (young-of-year [YOY] and

Y&O group, no marine species was considered dominant species
until 2010 (Figure 8A). One marine species was frequently observed
in the dominant species in the 2010s (Figure 8A). Prior to 1985,
only one freshwater species was considered dominant species in
1982 and 1984 (Figure 8A). However, 1-3 freshwater species
observed becoming dominant species in most of the years since
1995 (Figure 8A).

Single species abundance

Number of years observed for dominant marine and freshwater
species for both groups in the lower and upper HRE was shown in
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Figure 8B. Dominant marine and freshwater species that were
observed in more than 5 years were selected for examining their
abundance change over time. Two marine species were identified in
the lower HRE: Atlantic Menhaden (Brevoortia tyrannus) and
Weakfish (Cynoscion regalis), and two freshwater species were
identified in the upper HRE: Channel Catfish (Ictalurus
punctatus) and spottail shiner (Notropis hudsonius). All of the
four species were in the Y&O group.
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Atlantic Menhaden (marine species)

The survey abundance index (individual per m?) of Atlantic
Menhaden in the lower and upper HRE was shown in Figure 9A. In
the lower HRE, the Atlantic Menhaden was observed almost every
year over the time series except 1978. It first became a dominant
species in 1986 and was more frequently observed as a dominant
species after 1999 with increasing abundance (Figure 9A). Prior to
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during May-July from 1974 to 2017 in the upper and lower Hudson

1985, the Atlantic Menhaden was not observed in the upper HRE
except in 1974. Since 1985, it was observed almost every year and
the abundance increased in the 2010s (Figure 9A).

Weakfish (marine species)

The weakfish were observed in the lower HRE at both life
stages in all years except 1982. However, the weakfish eggs and
larva were not considered dominant except in 1990 and 1998.
For the Y&O group, the weakfish became a dominant species in
8 years in phase 2. For both groups, the abundances were at a low
level prior to mid-1990s except a few spikes and increased to a
higher level since mid-1990s (Figure 9B).

Channel catfish (freshwater species)
The Channel Catfish Y&O was observed for the first time in
the upper HRE in 1991. They started to frequently become a

dominant species in the upper HRE in 11 years (Figure 8) with
increasing abundance since 2003 (Figure 9C).
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Spottail shiner (freshwater species)

The spottail shiner Y&O were observed in the upper HRE for
almost all years except 1975. It was a dominant species for the
first time in 1982, and became a frequently observed dominant
species in 8 years during 1997-2009. However, no clear pattern
was noted in their abundance over time (Figure 9D).

Discussion
Species diversity

The Margalef index (d) is one of the simplest measures of
biodiversity which accounts for sampling effects and emphasizes
the component of species richness (Magurran and McGill, 2011;
Garcia-Seoane et al.,, 2016; Shaha et al., 2022). While the
Simpson index (D) measures biodiversity with incorporation
of species” abundance, which gives more weight to the abundant
species and is less sensitive to additional rare species and is
independent of sample size (Magurran and McGill, 2011;
Garcla-Seoane et al., 2016; Tikadar et al., 2021). The increasing
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lower Hudson River Estuary (HRE)

d is indicative of increases in species richness, and the increasing
D is indicative of increases in species evenness in the fish
assemblage (Tikadar et al,, 2021). The results of this study
showed that d,; were significantly higher in phase 2 for all
groups and its variation was positively associated with sea level,
which indicated that climate-induced factors may play
important roles in affecting species richness. Similar results of
increased values in phase 2 and significant sea level effects were
also found for D, except for Y&O in the lower HRE, suggesting
increased species richness and evenness in phase 2 for
most groups.

The Margalef index for marine species (dqrine) Was
significantly higher in phase 2 for all groups, indicating
increased marine species richness. Among the factors
considered in this study, sea level and salinity stood out as
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most important factors in affecting the increase in d,,4 i
Although most of the increased d,;,ine may come from
marine strayers which were not found in large abundances,
some of them have become well established in the estuary such
as the Atlantic Menhaden. Atlantic Menhaden use the tidal
estuary as a nursery habitat and are considered long-term
components of the fish community in the lower HRE
(Stainbrook and Limburg, 2001). They were typically found in
the southern brackish water of the estuary. However, their
juveniles were observed as far north as Albany since the late
1990s (Stainbrook and Limburg, 2001). Furthermore, their
abundance increased considerably since 2010 in both upper
and lower reaches. Stainbrook and Limburg (2001) assumed
that the amount of rainfall was responsible for the locations of
Atlantic Menhaden YOY occurrence associated with salinity

frontiersin.org


https://doi.org/10.3389/fmars.2022.1077997
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chang et al.
A Atlantic Menhaden (Marine)
—e— Upper —@— Lower
o
N
o 27
£
Q —
©
32
23
=
o ?
o
S
© I
1980 1990 2000 2010
Year
c Channel Catfish (Freshwater)
o~
5 —
o
o —
S
B ©
© 88—
= =
3z
o —
©
£
g _|
3 °H
1980 1990 2000 2010
Year
FIGURE 9

—e— Eggs and Larva—e— YOY and Older
wn

10.3389/fmars.2022.1077997

Weakfish (Marine)

©
— S
—_ o
2 @)
o ¥ ©o3
g - &
) o — ™
£ £
0 — 2u
g o °3
S ~NTO
P p— — 2=
2 -
£ =
°©— — S
L °
1980 1990 2000 2010
Year
D Spottail Shiner (Freshwater)
o
@ 2™
E o
B —e
©
38
s3]
©
£
S ‘
o
S —
o

1980 1990 2000 2010
Year

Abundance index for (A) Atlantic menhaden young-of-year (YOY) and older group in the upper and lower Hudson, (B) weakfish of the groups of
Eggs and Larva and YOY and Older in the lower Hudson, (C) channel catfish YOY and older group in the upper Hudson, and (D) spottail shiner

YOY and older in the upper Hudson during May-July from 197 to 2017.

change. However, their observations did not support their
assumption. We suggest that the locations of Atlantic
Menhaden YOY occurrence be examined with salt front or
salinity data which take multiple factors into account and may
better describe or quantify the changes in salinity. Although
increased abundance and distribution expansion were observed
in the HRE, further analyses should be conducted to examine
how much the Hudson River population can contribute to the
menhaden populations and fisheries outside the HRE. Weakfish
was also a common marine species in the lower HRE
(Smith, 1985). Similar to the Atlantic Menhaden, their
abundance increased to a higher level since the mid-1990s and
became one of the dominant species in the lower HRE in phase
2. Previous studies suggested that the weakfish utilize habitats
with higher salinity and temperature during summer in Great
Bay, New Jersey (Turnure et al., 2015; Mathews et al., 2022) and
the model estimated abundance was highly correlated with
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environmental and climatic processes, which may explain the
increase in abundance for the weakfish in the HRE since the
mid-1990s. Our results suggested that some of the marine
species have expanded their geographic ranges into the HRE
and established themselves in the system, which was likely
correlated with increased salinity as well as sea level rise.

Our hypothesis on dpesnyarer in the upper HRE was
supported by the data - significantly higher dfegyater Were
observed in phase 2 for both groups. The increases in the
Afeshwater for both E&L and Y&O were associated with sea
level. However, similar to what was observed for d,,4,ine in the
upper HRE, the variation explained by the model was
substantially less for E&L compared to Y&O, implying that
older life-stage fishes are able to select favored habitat or avoid
unfavored environmental conditions (i.e., spatial avoidance,
Venancio et al., 2020; Venancio et al., 2021). Of the freshwater
species in the upper HRE, channel catfish was identified as one
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of the dominant species which was frequently observed since the
late 1990s. The origin of the channel catfish was unclear. It was
hypothesized to be illegally released into the Hudson River
drainage (Daniels et al, 2005). An alternative hypothesis is
that they moved from the Saint Lawrence River drainage
through the Erie Canal into the Hudson River system (Daniels
et al., 2005). Either explanation suggests that they are an exotic
species to the HRE. The channel catfish have been well
established in the upper HRE with increasing abundance in
the past 20 years (Jordan et al., 2004; Daniels et al., 2005; this
study). The channel catfish are perceived to have high
adaptability and flexibility in habitat use, which makes them
able to thrive in a wide range of environmental conditions
(Hubert, 1999; Jordan et al., 2004). The establishment of
channel catfish might have negative impacts on the native
white catfish population and other benthic species
(Jordan et al., 2004). Spottail shiner was another freshwater
species that become frequently observed as a dominant
species in phase 2. Unlike channel catfish, the spottail shiner is
a long-term component in the upper HRE with no clear
increasing or decreasing pattern in their abundance overtime
(Daniels et al., 2005; this study). The observations of the spottail
shiner became one of the dominant species in the past 25 years
might be related to declines in major diadromous species such as
American shad (Hurst et al,, 2004; ASMFC (Atlantic States
Marine Fisheries Commission), 2020) and blueback herring
which could be associated with the zebra mussel (Dreissena
polymorpha) invasion in 1991 (Strayer et al, 2004) and
commercial fishing outside the HRE (Daniels et al, 2005).
Daniels et al. (2005) indicated that although no change in
spottail shiner abundance was observed, the age structure of
the population might have changed.

Although our hypotheses on d,;,4,in in the upper HRE and
Afieshwater in the lower HRE were not supported by the t-test
results, the observations of dominant marine and freshwater
species reflected our hypotheses. In addition, it should be
recognized that the statistical significance does not necessarily
suggest biological relevance. Even if d,,,,:,. in the upper HRE
significantly increased in phase 2, only one marine species was a
dominant species, and only for four years. Furthermore, the
models suggested that the increase in d,;,4yi,. Was associated with
salinity for E&L and with sea level for Y&O. Our data implied
that even slight changes in salinity might have impacts on
species richness and the fish community, which was also
observed in other water bodies (Franco et al., 2019). However,
it should be noted that a lesser amount of variation was
explained by the model for the E&L and Y&O in the upper
HRE compared with those in the lower HRE, suggesting that
Anarine for both life stages in the upper HRE may be affected by
other factors that we did not consider in this study.

For both E&L and Y&O in the lower HRE, the average
Afreshwater did not decrease in phase 2 as we expected. Instead, it
slightly increased in phase 2 for both life stages in the lower
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HRE. Nevertheless, no freshwater species became dominant in
the lower HRE. Furthermore, the changes in djegiyarer for both
E&L and Y&O were not correlated with any variables considered
in this study with only a small portion (<8%) of variation
explained. It suggested that dpesuwarer for both E&L and Y&O
was not significantly affected by the changes in environmental
factors considered in the models. Fishes were considered to have
a higher tolerance to salinity increases compared to other taxa
such as zooplankton and amphibians (Venancio et al., 2021),
and fishes that use the estuary are generally resilient given the
natural variability and intensity of the estuarine environment.
However, little is known about the impacts of increased salinity
on survival of early life stages and spawners’ fitness of freshwater
species in the lower HRE.

Although the djeguwaser slightly increased in phase 2 for both
groups, two freshwater species of the E&L group in each of the
lower and upper HRE and one freshwater species of the Y&O
group in the lower HRE disappeared from phase 2. It implies
that the sea level and the environment with increased salinity
might still have a negative impact on freshwater species richness,
especially for early life stages which do not have the mobility for
spatial avoidance. Studies in other parts of the world suggest that
the freshwater species extinction rates are among the highest
worldwide (Heino et al., 2009; Pereira et al., 2010; Collen et al.,
2014; Canedo-Argtielles et al.,, 2019). Observed changing salinity
habitat in the HRE may suggest an increasing risk freshwater fish
species face in the HRE. Venancio et al. (2019); Venancio et al.
(2020) indicated that slight increase in salinity may be sufficient
to induce structural changes in freshwater communities.
Observed changing salinity habitat in the HRE may suggest an
increasing risk freshwater fish species face in the HRE.

Possible alternative hypotheses

The Margalef index incorporates sampling effects in the
measure of diversity, it is reported to be sensitive to sample
sizes and could deviate from the actual diversity value
(Magurran, 2004; Tikadar et al., 2021). Nevertheless, the
Simpson index which is robust and less sensitive to sample
sizes (Magurran, 2004), also suggested very similar results as the
Margalef index, further supporting the pattern of increasing fish
species diversity in the HRE. The Margalef and Simpson indices
(day and D) suggest that the species richness and evenness
increased over the two phases of the time series for both life
stages (E&L and Y&O) in the upper HRE, and our observations
of the number of dominant species showed similar results
(Figures 4 and 8A). This suggests that the fish biodiversity
with different aspects of species richness, evenness, and
dominance increased over time in the upper HRE, especially
for the Y&O group. Several reasons might contribute to the
increased species diversity of the Y&O group in the upper HRE:
(i) establishments of marine and freshwater species due to
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changes in the salinity gradient as the results of this study
suggested; (ii) declined diadromous species populations
(Hurstet al., 2004). The major components of dominant
species in the HRE are diadromous species. Therefore, even if
both marine and diadromous species populations may not be
locally regulated, declined diadromous species populations
might increase the relative abundances of marine and/or
freshwater species, which made them become dominant
species and increase the overall fish biodiversity; (iii) improved
water quality (Hurst et al., 2004; Levinton and Waldman, 2006);
(iv) rebounded populations that were once in decline (e.g.
striped bass, Daniels et al., 2005), and (v) environmental
condition and community structure altered by invasive species
(e.g. zebra mussel invasion in 1991; Strayer et al., 2004); (vi)
changes in land use and submerged aquatic vegetation: Strayer
et al. (2012) suggested that exposure to human activity and
shoreline complexity may have effects on species composition
and diversity — engineered shore zones tended to have fewer
fishes and native plant species. Findlay et al. (2014) also
indicated that engineered shores might negatively affect
submerged aquatic vegetation which is not only a significant
resource of dissolved oxygen but also provide important habitat
and food through primary productivity for invertebrate and fish
species in the HRE (Hamberg et al., 2017). Accordingly, the
changes in submerged aquatic vegetation may have impacts on
species diversity; (vil) changes in nutrient loading: Howarth et al.
(2000) indicated that the rates of primary production observed
in the 1990s were substantially higher than those measured in
the 1970s. Even though the relationship between nutrient
loading and biodiversity has not been examined yet in the
HRE, the susceptibility to eutrophication might be an
alternative hypothesis of the changes in biodiversity.

The results of this study may provide an additional
explanation for changes in biodiversity observed in the
previous studies. Daniels et al. (2005) collected data from
historical documents and various surveys conducted since the
1970s, reporting a 1.5-2 fold increase in the number of species
observed in the Hudson River drainage since the 1930s due to
increased number of non-native species as well as increased
sampling and reporting effort. In addition, Hurst et al. (2004)
observed a pronounced increased catch of Atlantic silversides
(Menidia menidia) and declines in other estuarine species as well
as declining CPUE (catch per unit effort) and diversity in
freshwater species during a 21-year period (1980-2000) in the
lower HRE (rkm 36-64), speculating on a long-term increase in
estuarine salinity. The results of this study suggest that the
overall increased number of species observed in
Daniels et al. (2005), changes in abundance and CPUE for
Atlantic silversides and other estuarine species, and decreased
freshwater diversity observed in Hurst et al. (2004) may be
related to habitat change (e.g. changes in salinity). Further
investigation should be examined for these hypotheses.
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In this study, changes in marine and freshwater species richness
were hypothesized associated with sea level rise, especially in the
lower HRE. In addition to sea level rise and changes in salinity, as
we hypothesized in this study, several other factors could also
contribute to the changes in species richness such as declines in
diadromous species populations, presence of invasive species,
changes in other water quality, river flow, land use, or nutrient
loading, which could provide alternative hypotheses for the changes
in biodiversity we observed in this study. These alternative
hypotheses should be investigated in the future. Furthermore,
only nighttime sampling data collected during summer were used
in this study due to significant changes in the sampling in the LRS
over the 44 years of time series in order to make the annual data
consistent and comparable over time and space, which resulted in
reduced data availability. Further analyses using data collected from
other Hudson River Biological Monitoring Program surveys (e.g.,
Beach Seiner survey and Fall Juvenile Survey) in different seasons as
well as water quality data from different resources should be
considered in the future analyses.

In spite of the fact that increasing biodiversity is generally
considered a good sign of ecological health, the new species that
were observed in the survey or in the HRE might have unidentified
functional consequences to the system (Pawluk et al., 2021). The
results of this study suggested that most of them were likely seasonal
marine visitors and did not establish their populations. Even
though the impacts of the occurrence and establishment of
marine species as well as the displacement of freshwater species
on the community structure and species diversity seem subtle at
this stage, in the long run it may put sensitive species at risk and
more profound effects on the fish community in the HRE might be
expected (Franco et al, 2019). Invasive species that have been
becoming more abundant or have established breeding populations
in the HRE system should be further investigated and monitored.

Impacts of salinity on physiology and
spawning grounds

The sea level has been rising with a linear increasing trend in
the time series (Figure 3A). However, the isohalines showed
different patterns (2-phase pattern) over the time series. Several
reasons could influence the variation of the locations of isohalines
and salt front and saline gradient in the HRE, including tidal flow,
freshwater discharge, and rainfall (Everly and Boreman, 1999;
Daniels et al., 2005). It is still unclear what caused the 2-phase
pattern in salinity observed in this study. Chant et al. (2018)
indicated that channel dredging and deepening could result in
changes in estuarine exchange flow and horizontal salinity gradient,
as well as tidal current amplitude. Nevertheless, the dredging
projects for PCBs cleanup and the New York Harbor Deepening
project to deepen the harbor channels to 15 m for the larger Neo-
Panamax ships did not occur until 2009. The dredging and
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deepening effects were therefore not able to explain the salinity
change observed in this study. More study is needed to better
understand the dynamics of salinity habitat and the factors that are
important to regulate the dynamics of fish populations.

Seawater intrusion into estuaries is a natural phenomenon,
which transports nutrient inputs, sediment delivery as well as
contaminants into the estuarine system with tides and coastal
currents (Sa et al., 2022). Seawater intrusion in conjunction with
freshwater flow determines the salinity distribution and the stability
of the saline environment of an estuarine system (Cao et al., 2021).
With climate-induced sea level rise, seawater intrusion might not
only impact surface and groundwater salinization, but can also be a
cause of osmotic stress on plankton, fishes, and other aquatic
organisms (Sa et al, 2022). Consequently, it could result in
distribution change and/or interaction between species and
communities (Venancio et al.,, 2019; Sa et al, 2022). Venancio
et al. (2019) indicated that the development of some freshwater
zooplankton embryos stopped at an increased salinity level before
hatching, which could have an impact on the lower trophic level
community. In comparison, many fishes are able to tolerate higher
salinity increases (Venancio et al., 2021). In this study, the marine
and freshwater species richness for both E&L and Y&O life stages
increased in phase 2 with higher salinity environment. The Y&O
group is assumed to have sufficient mobility to select for preferred
habitats or escape from unfavored environment. However, the
location of occurrence of the E&L group was most likely
determined by their spawners. Freshwater discharge has been
considered an important factor in eggs and larval mortality for
many fish species (Hurst et al,, 2004), but little is known of the
salinity impacts on eggs and larval survival and the fitness cost
associated with the tolerance for the spawners for many marine and
freshwater species. An improved understanding of this aspect is
critically important for fish early life history mortality, which
determines fish recruitment dynamics.

The increased salinity may impact spawning grounds and
reproductive capacities and subsequently fish year classes and
fisheries (Dasgupta et al., 2017; Shaha et al., 2022), especially for
species that require specific environmental conditions for spawning
activities. For example, the distribution of adult bay anchovy
(Anchoa mitchilli) is positively associated with salinity (Schmidt,
1992), and they tend to spawn where salinity exceeds 10 psu (Schultz
etal,, 2005). The changes in salinity could alter their distribution and
spawning grounds as well as larval survival and consequent
recruitment. Conversely, Atlantic sturgeon, an endangered species
in the HRE, spawn upstream from the tidal salt front as their
spawning grounds (Van Eenennaam et al., 1996; Breece et al., 2021)
and their early life stages are intolerant to saline conditions (Kazyak
et al,, 2020). Van Eenennaam et al. (1996) indicated that the eggs
and larval dispersal strategy of Atlantic sturgeon may require the
environmental conditions remain freshwater throughout the
spawning season. This highlights the importance of monitoring
the changing saline conditions and its impacts on the spawning
grounds and fitness of the spawners in the HRE.
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Conclusion

This study highlights the importance of long-term
monitoring programs such as the LRS that allows us to evaluate
and quantify changes in fish population and community in an
ecosystem such as the HRE and identify possible environmental
and anthropogenic drivers. The long time series data collected
from the LRS were unique and valuable, providing an excellent
opportunity to examine fish abundance, spatiotemporal
distribution, as well as their relation to the environment. In
spite of the changes and limitations in the sampling design and
data collection, the data collected from the survey are sufficient to
provide inferences on species richness, evenness, and dominance
of the fish communities in the HRE. This study suggests that
climate-induced salinity changes have occurred in the HRE over
the last 40 years. These salinity changes have the potential to
impact fish community structure in a variety of ways. We have
shown that the diversity of early life stage fish assemblages in the
HRE have changed during the same time period with an
increasing occurrence, expansion and establishment of marine
species as well as potential displacement of freshwater species.
This study highlights a need for long-term monitoring and
investigation for improved understanding of impacts of climate-
induced environmental change on the biota in the HRE in order
to enhance its management, conservation, and restoration plans.
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